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The most accurate absolutely-calibrated measurement of
the total yield of neutrons from experiments on the National
Ignition Facility will be from activation of threshold nuclear
reactions. The High-Yield Neutron Activation System is be-
ing designed to provide high-accuracy (similar to the £7%
achieved on other fusion experiments) measurements linear
over a 9-orderof-magnitude dynamic range from the facil-
ity limit of ~ 10'® neutrons/shot down to a minimum of
~3 x 10'° neutrons/shot. The system design requirements
are presented, and a conceptual design to meet those require-
ments described.

PACS: 52.70.-m, 52.70.Nc, 52.55.Pi, 52.58.Ns

I. INTRODUCTION

The total fusion ener roduction from inertial con-
finement fusion targets at the National Ignition Facil-
ity NIF\ will be measured by a variety of fusion prod‘
uct diagnostics. Possibly the most accurate and precise
determination of the total neutron yield over extreme
dynamic range comes from radioactivity produced by
threshold nuclear reactions in small samples placed near
the target and then subsequently removed to count the
gamma-ray activation. Such techniques have achieved
+7% (one-sigmay accuracy on magnetic fusion devices
such as TFTR [1} and JET, and have demonstrated dy-
namic range between shots while maintaining this accu-
racy of over six-orders-of-magnitude. [2]

The high-vield system for NIF uses thin elemental sam-
ples “foils”y for which the gammarray detection effi-
clency can be calculated accurately from first principles.
Then using dosimetric crosssections and standard nu-
clear physics parameters, the measured fluence can be
determined and turned into total yield using neutron-
1cs modeling of the target chamber. Such a system can
work down to 10° neutrons/cm? which, assuming a 50-
cm “exclusion radius” or minimum distance to the laser-
driven target, means minimum yields of 3x10% neu-
trons/shot. By increasing the sample distance to near
the target chamber wall (4 meters), reducing the sample
mass, and increasing the counting rate, yields up to the
maximum allowable on the system can be measured. A
complementary low-yield activation system [3] will use
larger masses to achieve higher sensitivity and will use
associated particle methods [4] at an accelerator to de-
termine the calibration.

In this paper the system design requirements will be
detailed for the high-yield neutron activation system on
NIF. A pneumatic transport system similar to that used
on TFTR and designed for ITER [5] will be described
as well as the requirements for the irradiation ends and
counting system. After this introduction, the second sec-
tion describes the design requirements the system should
meet, and the third section presents the initial conceptual
design to meet those requirements.

II. SYSTEM DESIGN REQUIREMENTS

The Neutron Yield Activation System shall be de-
ployed for all neutron producin eXperiments. The Neu-
tron Yield Activation System shall be used to measure
the total neutron yield of a shot above various thresholds
set, by the activation reactions.

The absolute calibration of the High-Yield Neutron
Activation system for NIF will come from a “first prin‘
ciples” approach using dosimetric cross—sections, known
nuclear data [6], absolutely calibrated analytical balances
and gaNmaray sources, and calculations of gammarra
detection efficiency to “thin” activated foils. The Sys”
tematic correction from calculations of self-attenuation
of gammarays In the foils from the finite extent of the
sources should be small to achieve high system accuracy.
This limits the maximum size of the foils to be used to
typically a few grams. Based on previous experience, the
measurable fluence with small statistical counting error
will be ~10° n/ecm®. (The Low-Yield system [3], using
accelerator-based associated particle techniques [4] and
larger masses should work down to 10° n/cm? or lower.
Assuming an exclusion radius of 50 cm is allowed [7], this
allows measurements of minimum yields of ~3x1010 neu-
trons/shot.

The system must work up to 1019 neutrons per pulse
which is over 20 MJ of fusion energy, the facility limit.
This is a fluence of ~ 10 n/cm? when the sample is
near the vacuum vessel wall. Thus the system needs ~9
orders-of-magnitude dynamic range in the yield.

In DD shots, one should be able to measure the DT

secondar ) leld as well using threshold reactions. It
1s useful to be able to measure a varlety of reactions for
cross-calibration and error reduction [2] and to determine
the neutron spectrum [8].

a. Samples: The same system will be used for both
the low-yield and high-yield systems. Sample size of u
to ten’s of grams and liquid samples should be possible.



Operation and handling of radioactive material should
follow ALARA requirements (‘As Low As Reasonably
Achievabley. Radioactive samples must be safely stored
someplace.” This should be close to the counting room
for ALARA purposes, but not in that same room (the
pneumatic switchyard room [see below] would be a good

lacey.

b. Irradiation Ends: Re-entrant irradiation ends ex-
tending well inside the vacuum vessel wall and close to
the target are needed to provide a low-scattering envi-
ronment for neutron activation measurements. At least
two 1rradiation ends are needed (at roughly “equivalent”
locations, that is similar polar angle theta but different
azimuthal angle phi for cross-calibrations. Data from
different azimuthal angles (representin pole, equator,
and in-between of implosiony should be taken, to look
for possible (but unlikely) emission anisotropy and possi‘
ble spectrum changyes using threshold reactions sensitive
to such changes. Such emission anisotropy 1s most likel
to show up (f at ally between pole and equator of the
hohlraum drive rather than at different phi angles. Thus
we would like at least three (preferably foury 1rradiation
ends on the vacuum vessel, one near the to, or bottom
(at the pole of the implosion), a couple on the equator (or
near it%, and one midway between the equator and the

ole. Such irradiation locations spaced in theta would
also be useful to look for neutron spectrum changyes us-
ing threshold reactions. Each irradiation location should
be able to be placed close (~ 50 cm) to target chamber
center or at distances further out (4 m from TCCor 1 m
from wall might be maximum locationy.

c. Gamma-Ray Detectors: We Wl?l want one high-
energyresolution counting system, preferably with very
low background, and another counting system perhaps of
high‘efﬁciency (trading off eneryy resolutiony also with
very low background. Once high-resolution analysis of
particular types of foils have confirmed no cornpetin
lines or background, simple low-resolution but robust
detectors can be used. Since rnultiple sarnples may be
desired to be counted at once, two such simple robust
systems ma be needed. There needs to be at least one
NIM crate (probably twoy.

d. Computer Control~ All three (or more) countin
systems should be controllable from single workstation
(connected to networky. This workstation should also
communicate with pneurnatic system control (see belovvg
to help keep audit trail of sarnples what has been sen
where when\y. Official system shot number and time (]Uni‘
versal Time accurate to one second) should be available
as input to computer. Diagnostic status sarnple n place
and ready) should be broadcast to system control (see
standards for such systems [9]? A printer is needed
at this computer. Results (yields) should be available
on-line within a day, with preliminary results available
within 2 hours.

e. Pneumatic Transfer System: There should be a
pneumatic system to autornatically return sarnples and
minimize handling of radioactive material. Flexibility n

routin capsules from different irradiation end to differ-
ent detectors is needed, both in operation and in adding
future systern cornponents.

Activated air within the pneurnatic system will have to
be flushed. Some valves in the Targyet Bay can hel, with
this, but any switchyard room [see below]| may also need
to be considered off-limits during ignition operation.

III. CONCEPTUAL DESIGN TO MEET
REQUIREMENTS

a. Irradiwation Locations: While two irradiation lo-
cations at similar theta angles are needed for cross-
calibration purposes, the position of the other two lo-
cations 1s questionable. While observing neutron emis-
slon anisotropy or even energy anisotrop 1s not highly
likely on NIF, any such anisotropy is more likely to be
seen between the pole and the equator. At present, ports
P63-230, P63-300, P117-50, and P117-140 have been al-
located for neutron activation irradiation ends, all at 63°
polar angle. We would like access to an 8 O.D. sub-
ﬂange of a P7 port, and to P36-176, but this will require
iteration of the irradiation end design and other diagnos-
tics near those locations. Figure 1 shows the proposed
locations for neutron activation irradiation ends.
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FIG. 1. Location on NIF of ports to be used for neutron
activation.

Activation by neutrons can provide a hi hly accurate
determination of the neutron fluence through the elemen-
tal foils eXposed to the fusion source. The desired mea-
surement, however, is the total fusion energy from the
yield of the ICF target. The ratio of energy‘dependent
fluence to total fusion vield will be calculated using a
fully three-dimensional Monte Carlo calculation. [1] The
calibration technique to be used by this system will al-
low inclusion of effects caused by any energy‘dependent
neutron spectra.

To achieve the desired 9-orders-of-magnitude dynarnic
range while maintaining linearity and high accuracy, sev-
eral techniques will be used in parallel. Changing the
radial location of the sarnple by rnoving the irradiation



end can provide a factor of (400/50 2= 64. The sample
mass can be changed from ~ 5 & to 100 my or another
factor of 50. Half-life decay 1s 1neffective in operation and
provides factors of a few at best. Similar factors of a few
are available by choosing different materials with differ-
ent dosimetric cross—sections. Count rate at the detector
can vary linearly about a factor of 10* between problems
with background noise and high-count-rate ileup. The
count duration and statistical error accepted can also be
varied to provide an additional factor of 10. Finally, if
necessary, the distance of the sample to the detector can
be increased to reduce the counting efﬁciency.

Sample in
Concentric
Cylinder Tube

FIG. 2. Conceptual design of extendible irradiation end ca-
able of positioning sample capsule from the vacuum vessel
wall to within 50 cm of target chamber center.

The expected dynarnic range of the system can be 1l-
lustrated by two examples. Using the 28Sigﬁn,p% reac"
tion, 5 grams of pure silicon irradiated by total yield
of 3 x 10! neutrons at 0.5 meters from the taryet and
counted for 300 seconds (more than twice the 134-sec
half-life of the decay with a 1% efficient detector would
provide 150 counts. This number of counts could be 1n-
creased with higher efﬁciency detection at the 1779-keV

ammaTay energy or by being closer to the target. At
the full 10" neutron yields, 100 mg of pure aluminum
irradiated at 4 meters and counted for 1000 secs with a
1% efficient detector using the 27Al(n,oz) reaction would

provide 1.3 x 10% counts or 130 Cps which is not too high
a count rate.

Figure 2 shows the initial design for an typical NIF
neutron activation irradiation end. The positioner at the
irradiation end will have bellows and encoded rack and
pinion and be remotely controlled by the activation con-
trol system. The bellows, rack, etc. all fit on a 6 inch
1.D. ﬂange. For a 3.5 meter throw (from 4 meter to 0.5
meter from TCCy we need that much space external to
vessel as well. The air supply and rnoving parts are all
at atrnosphere.

b. Pneumatic Transfer System: A “carousel” switch
system that allows a sarnple capsule from any irradiation
end to be routed to any detector, as implemented at JE'T,
1s the easiest and most flexible. This carousel switch-
yard/holding area will need to be a separate room from
the counting/detector room for safety purposes. The
computer control of the pneumatic system will require
a computer/electronics rack.

The same 1 inch O.D. 2.5-inch longy capsules used on
TFTR (with 0.75-inch I.D. and 2-inch high central cav-
itchan thus hold up to 15 ¢cm? which should be sufficient
to handle the ten’s of grams of samples required for the
most sensitive measurements. Further thought is needed
about safety aspects of using liquid samples. Some sort
of double encapsulation will possibly be required as the
single shell capsules can crack during use. Figure 3 shows
a typlcal layout in a plan view of the NIF facility for how
the pneumatic lines can get from the target chamber to
the carousel room and thence to the counting room.

A critical issue in routing the pneumatic system 1s the
minimum radius of curvature allowed and available. One
can support [10] about a 10 inch radius of curvature for
a 1 inch capsule in 1-1/8” L.D. tubes, as on TFTR.

Figure 4 shows a pipin and Instrumentation diagram
for the pneurnatic system. Such a layout allows for %exi‘
ble operation of the system, and safe flushing of activated
air during high yield operation. We will plan to use com-
pressed air as the propellant, as that is simplest and there
15 no need for any gas lower in activation or with better
thermal conductivity.

Monitoring of capsule location and arrival is necessar
to system operation. As in the ITER design [10] we plan
to use plugging of the channel by the capsule and re-
sultin pressure change as a robust radiation-insensitive
monitor of capsule arrival at the irradiation end. More
usual electrical and optical techniques (such as fiber optic
loops where the light 1is interrupted by passing sarnples)
can be used at the airlocks and carousel and counting
rooms where the radiation environment is not an issue.
This requires fibers routed along neumatic tubes and
electronic equipment in diagnostic racks outside Target
Bay that then communicate with computers in counting
room. For irradiation ends on the “bottom” of vacuum
vessel, samples will need to be kept in place either by
continuously blowing air or some fail-safe latchingy mech-
anism (the first option works on JET and 1s fail-safe 1t~

self).
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FIG. 3. Diagram showing possible routing of pneumatic
transfer system from the NIF target chamber to the carousel
switchyard room and then to the counting laboratory.
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FIG. 4. Piping and Instrumentation Diagram for pneu-
matic transport system allowing capability of flushing acti-
vated air and providing flexible routing of capsules.

c. Detectors: The high-ener y‘resolution systems
with low backsround would be hi h‘purity ermanium
cryogenically=cooled detectors in a shielded environment,
one a well-detector with high efficiency. For the sirnple
robust systems we propose using large Nal scintillators.
An absolutely calibrated gammaTay source i1s needed,
and it must be replaced each year or two. Finally, a long

half-life, weak source in a capsule is needed for routine
monitoring of system stability. [5]

While good accuracy has been achieved with neutron
activation systems, some design work is needed to try
to improve precision or repeatability of measurements.
Random perturbations of where the capsule with acti
vated sarnple 1s with respect to either the detector or the
fusion source can vary the system efﬁciency. This causes
an imprecision beyond anythin due to counting statls-
tics which should be the limiting factor.

We acknowledye Tom Archuleta for the mechanical de-
sign of the irradiation end, and Pete Walsh for useful
comments. Speciﬁc NIF illustrations and information
largely provided thanks to Dean Lee. This work was
perforrned under the auspices of the U.S. Departrnent of
Ener by the Los Alamos National Laboratory under
contract No. W‘7405‘Eng‘36.
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